INTRODUCTION
The hypothesis that increased oxygen availability facilitated Ediacaran (635-542 Ma) metazoan evolution dates back more than half a century (Cloud and Drake, 1968; Nursall, 1959) .
This hypothesis posits that an increase in the oxygen content of shallow-marine environments was physiologically necessary for the emergence of large, highly energetic animals (Raff and Raff, 1970; Rhoads and Morse, 1971) . Ecological and physiological observations place lower dissolved oxygen (DO) limits for ocean waters in which different types of animals can live (e.g., (Diaz and Rosenberg, 1995; Levin, 2003) ). They further make predictions about body shape in early animals, based on diffusion length-scales for organisms that lack a circulatory system for bulk oxygen transport (Knoll, 2011; Payne et al., 2011; Raff and Raff, 1970; Runnegar, 1991) .
Together, then, these physiological requirements for oxygen predict that geochemical evidence for well-oxygenated marine waters should coincide with or slightly antedate fossil records of animals with high oxygen demand.
A growing suite of redox-related geochemical tools is now available to test the oxygenfacilitation hypothesis. For instance, reconstructions of the iron and sulfur cycles in Ediacaran strata of Newfoundland suggest a broad consistency between oxygenation and animal diversification (Canfield et al., 2007) . There, deep-water axial turbidites with low overall organic carbon contents preserve a shift in the distribution of iron minerals that bespeaks increased DO. This inferred change in redox structure is placed atop the ~580 Ma glacial deposit Johnston et al., Ediacaran Redox Stability 4 of the Gaskiers Formation and is followed by the appearance of Ediacaran macrofossils through the overlying Drook, Briscal and Mistaken Point formations. A similar geochemical formula was applied to fossil-bearing sections from South China and the Yukon (McFadden et al., 2008; Narbonne and Aitken, 1990) , however the relationship between the fossil record and redox transitions in these basins, especially as they relate to Newfoundland (Canfield et al., 2007) , is less clear cut. Correlations among these basins and their stratigraphic successions are challenging, and the postulated role of sulfide as a key toxin in basins developed along the continental margin of the South China craton further complicates physiological interpretations (Li et al., 2010) .
Thus, the lack of first-order geochemical coherence among these localities, perhaps due in part to locally variable biogeochemical fluxes (Johnston et al., 2010; Kah and Bartley, 2011) , means that the direct role that oxygen played in the timing of both local and global animal diversification remains to be fully elucidated. Given this, it is important to acknowledge models of eumetazoan innovation that bypass oxygen entirely and call upon ecology as the primary driver (Butterfield, 2009; Peterson and Butterfield, 2005; Stanley, 1973) . In addressing the role of oxygen through the application of robust geochemical techniques, both hypotheses can ultimately be tested.
Environmental and ecological hypotheses make distinct predictions about the sequence of biological and geochemical changes, which can be tested through detailed geochemical analyses of fossil-bearing Ediacaran strata. This forms the premise for our current study of Ediacaran marine sediments from the Eastern European Platform (EEP). This succession hosts some of the most exquisite examples of early animal life (Fedonkin et al., 2007; Fedonkin and Waggoner, 1997; Martin et al., 2000) and offers a prime opportunity to reconstruct oceanic redox conditions Johnston et al., Ediacaran Redox Stability through the application of a range of geochemical methods. Here, we thus revisit both the oxygen facilitation and ecology hypotheses through the application of iron, sulfur, and carbon geochemistry, bulk elemental data, and rigorous statistical analysis.
GEOLOGICAL SETTING
The Kel'tminskaya-1 drillhole, located near the Dzhezhim-Parma uplift in northern Russia records ~5,000 meters of upper Neoproterozoic and Paleozoic strata that accumulated along the northeast margin of the East European Platform (Fig. 1) . The lowermost 2000 m of the core contains a mixed carbonate and siliciclastic succession deposited in a shallow-marine setting, correlated bio-and chemo-stratigraphically to the Cryogenian (850-635 Ma) Karatau Group in the Ural Mountains (Raaben and Oparenkova, 1997; Sergeev, 2006; Sergeev and Seong-Joo, 2006) . Age constraints for this part of the succession are limited, but stromatolites, vase-shaped microfossils (Maslov et al., 1994; Porter et al., 2003) and correlation to Pb-Pb dated carbonate rocks of the Min'yar Formation in the Ural Mountains suggest an age of 780 ± 85 Ma (Ovchinnikova et al., 2000) .
Unconformably overlying Cryogenian strata, and thus separated by > 100 million years, are siliciclastics of the Vychegda, Redkino and Kotlin formations. The Vychegda Formation, a 600 m thick succession, is dominated by interbedded sandstone, siltstone and shale suggestive of mid-shelf deposition. Diverse large ornamented microfossils first appear low in this unit (at 2779 m) and indicate an Ediacaran age (Vorob'eva et al., 2009b) (Fig. 1) . No Sturtian or Marinoan-aged diamictites are present in the drillcore, complicating placement of the Cryogenian-Ediacaran boundary. However, typically pre-Ediacaran microfossils occur in mixed Johnston et al., Ediacaran Redox Stability 6 coastal siliciclastic rocks in the lowermost six meters of the Vychegda Formation, suggesting that the period boundary is marked by a cryptic unconformity just above these beds (Vorob'eva et al., 2009a, b) .
The exact duration of the proposed hiatus is unclear, however overlying Vychegda shales, interpreted as mid-shelf deposits (Vorob'eva et al., 2009a, b) , contain a diverse assemblage of large, highly ornamented organic-walled microfossils akin to the Ediacaran Complex Acanthomorph-dominated Palynoflora (ECAP (Grey, 2005) ). In central and southern Australia (Grey and Calver, 2007; Grey et al., 2003) , the ECAP assemblage populates a restricted temporal interval, occupying beds that overlie the ca. 580 Ma Acraman impact layer, but underlie the strongly negative C-isotopic excursion of the Wonoka Formation (correlated with the Shuram anomaly in Oman). Well above this interval, diverse Ediacaran macrofossils appear. The same is true in China (Jiang et al., 2007; McFadden et al., 2008 ), Subhimalayan India (Kaufman et al., 2006 , and the Patom region of Siberia (Pokrovskii, 2006; Sergeev et al., 2011) . Detrital zircons also constrain ECAP acritarchs in the Hedmark Group, Norway to be younger than 620+/-14 Ma (Bingen et al., 2005) , consistent with other results. Taken together, these observations most conservatively suggest that the Vychegda Formation was deposited during the Ediacaran Period, before 558 Ma, a U-Pb constraint provided from the Redkino Formation and discussed below.
Given the distribution of ECAP microfossils elsewhere, we suggest that the majority of Vychegda Formation deposition took place between 580 and 558 Ma.
Siliciclastic rocks in the upper 1000 m of the Kel'tminskaya-1 drillhole correlate with the Redkino and Kotlin successions preserved across the EEP (Sokolov and Fedonkin, 1990) .
Redkino rocks lack highly ornamented microfossils but preserve an exceptional record of Ediacaran macrofossils, including Kimberella, widely considered to be the earliest known bilaterian animal (Fedonkin et al., 2007; Fedonkin and Waggoner, 1997) (Fig. 1) . Additional information about the paleobiology of Kel'tminskaya-1 core material can be found in (Vorob'eva et al., 2009a, b) . U-Pb dates on zircons in Redkino ash beds indicate ages of 555.3 ± 0.3 Ma near the top of the succession (Martin et al., 2000) and 558 ± 1 Ma toward its base (Grazhdankin, 2003) . Biostratigraphy places the Proterozoic-Cambrian boundary at or near the top of the Kotlin succession.
METHODS
Iron speciation was performed following a calibrated extraction technique (Poulton and Canfield, 2005 
RESULTS AND DISCUSSION
We used iron speciation chemistry, major element abundances, and stable carbon and sulfur isotopic ratios to characterize oceanic redox conditions and biogeochemical cycling during deposition of the Kel'tminskaya-1 succession (Fig. 2) . The distribution of reactive iron minerals in marine sediment has been calibrated in order to differentiate between oxic and anoxic water column conditions (Canfield et al., 1996; Lyons et al., 2003; Poulton and Canfield, 2011; Raiswell et al., 1988; Raiswell and Canfield, 1996; Raiswell et al., 1994; Raiswell et al., 2001 ).
In keeping with these calibrations, we interpret highly reactive iron (FeHr)/total iron (FeT) > Keil et al., 1994; Rothman and Forney, 2007) , we provide these data to assay potential changes in source terrain for detrital siliciclastics that would in turn effect marine geochemical cycling, all presented against the backdrop of previous work on the Neoproterozoic (Kennedy et al., 2006; Tosca et al., 2010) . Finally, reporting on the isotopic composition and abundances of carbon and sulfur allows the geochemical measures described above to be linked more directly to biogeochemical cycling. That is, the stoichiometry of heterotrophic remineralization reactions provides a means of relating organic carbon (and factors associated with production, export and burial) to electron accepting species within the Fe and S cycles (Fe-oxides and sulfate, in particular). Below we discuss the distribution of these data in the context of their specific geological setting, beginning with the oldest, Cryogenian-age samples. The full data are presented in the supplemental materials.
Cryogenian records from the EEP
Geochemical data for the carbonate-rich Cryogenian portion of the Kel'tminskya-1 drillhole mirror those of pre-Sturtian successions elsewhere (Canfield et al., 2008; Johnston et al., 2010) . Within the lower reach of the drillhole, δ 13 C carb varies stratigraphically from -4‰ to pointing to complexities associated with δ 13 C org as masking classic carbon isotope behavior (Johnston et al., 2012; Knoll et al., 1986) . In the case of the Cryogenian from Russia, the data reported here support a stratigraphic link to the Ural Mountains and provide yet another example of a pre-Sturtian carbon cycle with a large degree of variability. That is, the biogeochemical picture provided by the Vapol' and Yskemess formations is consistent with those preserved globally.
The Vapol' and Yskemess formations are carbonate dominated, with, on average, a weight percent total iron ( Fig. 2) , much of which occurs as Fe-carbonate. The iron carbonate fraction was determined via the first step of the normal Fe-speciation method, which is a weak acid extract defined to access carbonate phases (ankerite and siderite are consistent with the shale-dominated Chuar Group in the Grand Canyon, USA (Johnston et al., 2010) . There, a stratigraphically resolved data-set records persistent subsurface water column anoxia, in waters of similar depth, with only modest sulfide production corresponding to intervals of increased TOC burial. Given the dominant role of the atmosphere (and the O 2 reservoir) in disseminating oxygen into the surface mixed layer of the ocean, anoxia on the shelf likely reflects lower O 2 , noting that local biogeochemistry can influence the DO load (Johnston et al., 2010) .
Ediacaran records from the EEP
Geochemical data from the siliciclastic Ediacaran portion of the Kel'tminskya-1 drillhole (above 2779m) suggest a more fully oxygenated water column, as well as an increasing trend toward redox stability moving upward through the section. Total iron abundances for the Vychegda, Redkino and Kotlin formations are significantly higher than for the carbonate-rich
Cryogenian section, as expected for a shale-dominated succession, with Fe and P concentrations similar to average Phanerozoic shale contents (~5 wt% and 0.07 wt %, respectively; picture of a shelf environment that gradually evolved from one of significant redox heterogeneity in the Cryogenian, through a more oxygenated but still unstable redox regime in the early Ediacaran, to a stable, persistently oxygenated state in the late Ediacaran.
In the context of this interpretation, we can consider implications for local biogeochemical cycling. As posited earlier, atmospheric oxygen is one of a few levers on bottom water chemistry, acknowledging that heterotrophy following TOC loading and the ensuing benthic fluxes represent a significant local sink for oxidants (Johnston et al., 2010) . To evaluate these contrasting mechanisms, we investigate the relationship between the carbon, phosphorus and iron budgets inferred from Kel'tminskaya-1 samples. The EEP shale is generally TOC lean (Fig. 2, 5 ), contains typical P contents, and low overall pyrite concentrations.
The low observed pyrite contents suggest that dissimilatory sulfate reduction (Canfield, 2001) was not a prominent remineralization pathway in these settings. Without sulfate, this leaves oxygen, nitrate and iron oxides as potentially prominent electron acceptors. The ratio of TOC to reactive iron does not reveal a significant linkage (Fig. 5) ; however, the conversion of originally mixed valence Fe inputs to predominantly ferrous iron carbonate does require a reductive catalyst, which most naturally would be dissimilatory iron reduction (Fig. 5a) . As an extension, the efficiency of P burial relative to organic C can provide important information about preferential P regeneration through remineralization reactions under different redox conditions (Algeo and Ingall, 2007; Ingall and Jahnke, 1994) . This often results in a strong positive correlation between C and P, and high organic C:P under anoxic conditions (cf. (Jilbert et al., 2011; Kraal et al., 2010) . For example, organic C:P in modern anoxic settings can exceed 300, but deposition under fully oxygenated modern conditions often drive organic C:P below 50 (Algeo and Ingall, 2007) . In the case of the EEP, organic C:P ratios are consistently low, approaching 1:1 for the Vychegda and ~2:1 for the Redkino and Kotlin formations (Fig. 5b) .
Low organic C:P ratios, coupled with low total organic C and the lack of an authigenic P enrichment above that of normal marine shale, is often interpreted as a result of a higher redox potential in the local environment, consistent with an oxygenated water column (Algeo and Ingall, 2007) .
The distinction between early and late Ediacaran geochemistry can be investigated more quantitatively. To explore the robustness of this partitioning, we bootstrapped a Monte Carlo resampling (n = 1000) of the Vychegda -Redkino/Kotlin data sets (n = 35 and 44, respectively).
This approach clearly identifies differences in Fe/Al ratios and pyrite δ 34 S values, with CIA values holding steady near a value of 0.70 (Fig. 6) . Interestingly, the average FeHr/FeT value differs little between lower Ediacaran Vychegda shales and those of the overlying RedkinoKotlin succession (Fig. 6a) Our data thus indicate that by the time that the main Vychegda sequence began to deposit, marine redox conditions had changed from persistent anoxia to a broadly oxygenated water column. This conclusion, of course, reflects oceanographic conditions in a single basin and does not preclude earlier oxygenation of water masses elsewhere. That noted, data from other continents similarly record a redox transition within the lower part of the Ediacaran Period (Canfield et al., 2007; Fike et al., 2006; Scott et al., 2008; Shen et al., 2008) . Where the EEP data extend our understanding is their recording of redox stabilization, perhaps at ca. 560 Ma.
Neither redox transition nor redox stabilization require that pO 2 reached modern levels in the Ediacaran -indeed, both data and models suggest that present day pO 2 was first reached only in the later Paleozoic Era (Bergman et al., 2004; Berner and Canfield, 1989; Dahl et al., 2010) .
Rather they suggest that, perhaps for the first time in Earth history, oxygen levels were sufficient to limit the spread of anoxia in shallow water settings.
Insight from the sulfur cycle
The sulfur cycle is sensitive to the oxygen content of the atmosphere, and as such, may provide a test of proposed mid-Ediacaran transitions (cf. (Berner and Canfield, 1989; Claypool et al., 1980; Garrels and Lerman, 1981) ). We first look at the limited data from the Cryogenian Vapol' and Yskemess formations. Here, δ 34 S values are highly variable and range from above estimates of contemporaneous seawater sulfate (Johnston et al., 2010) to almost -30‰. Scaling loosely with TOC content (Fig. 7b) , the 50‰ range certainly reflects primary microbial contributions from sulfate reduction and may also indicate sulfur disproportionation reactions (Canfield and Teske, 1996; Johnston et al., 2005) , although mass-balance effects of local sulfate limitation might also have been in play (Canfield, 2001; Hayes, 2001 Fig. 6d) . Importantly, the Vychegda Formation is also more pyrite-rich than overlying strata, averaging ~0.08 and ranging up to 0.3 wt% pyrite (the Redkino and Kotlin formations average ~0.02 wt%). If we presume a δ 34 S of seawater sulfate between 20‰ and 30‰, similar to estimates from early Ediacaran successions in Oman, Namibia, South China and Australia (Fike et al., 2006; Halverson and Hurtgen, 2007; 18 Hurtgen et al., 2002; Hurtgen et al., 2006; McFadden et al., 2008) , then the net fractionation associated with a consortium of microbial metabolisms only requires the influence of sulfate reduction. If the Ediacaran seafloor was moving toward a more oxygenated state, as suggested by iron speciation data, then an oxidative sulfur cycle was almost certainly present in the water column. Emerging tools, specifically the minor sulfur isotopes (Johnston, 2011) , may provide a test of this interpretation and allow for the isotopic contributions of reductive and oxidative processes to be more uniquely constrained. 
Incorporating biological considerations
Geochemistry divides the Kel'tminskaya-1 record into three parts: a pre-Ediacaran (Cryogenian) portion recording the common occurrence of ferruginous water masses in shallowwater environments; a lower Ediacaran succession documenting more oxygenated, but still fluctuating bottom-water conditions on the shelf, and an upper Ediacaran interval that records a fully and persistently oxic water column. Fossils divide regional stratigraphy in much the same fashion ( Fig. 1, 2) : the Cryogenian rocks are characterized by a modest diversity of protists (Vorob'eva et al., 2009a) , recording microscopic eukaryotes that could thrive at low pO 2 . In contrast, the upper Ediacaran (Redkino-Kotlin) succession contains macroscopic animals, as well as trace fossils (Fedonkin et al., 2007; Fedonkin and Waggoner, 1997) . Diverse macroscopic animals first appear regionally in Redkino-aged deposits (Sokolov and Fedonkin, 1990; Sokolov and Iwanowski, 1990) . Many of these appear to have a simple anatomy, and may largely represent bodyplans in which upper and lower epidermis enclose inert, mesoglea-like material (e.g., (Sperling and Vinther, 2010)). One body-fossil population, however, is widely regarded as the remains of a bilaterian animal. Kimberella quadrata was a roughly 2 cm long and at least 1 cm thick organism whose fossil impressions show a distinct anterior-posterior axis with a plane of symmetry running from front to back (Fedonkin et al., 2007) . It is occasionally preserved at the end of a trace fossil that documents directional movement across the sediment surface and sometimes also occurs with anterior scratch marks similar to those made by the radulae of mollusks during feeding (Fedonkin et al., 2007) . contrast, pay close attention to dysoxic/hypoxic waters because their low oxygen contents (less than 1-2 ml/l) strictly limit animal size, locomotion and diversity (e.g., (Diaz and Rosenberg, 1995; Seibel and Drazen, 2007; Vaquer-Sunyer and Duarte, 2008) ). Hypoxia during the deposition of the Vychegda Formation may have been sufficiently frequent to favor small animals able to survive episodic bottom water anoxia as well as other unfavorable conditions by forming resting cysts. The removal of this limitation, then, correlates with the first appearance of large, thick, highly motile animals.
In combination, then, geochemical and paleontological data from northwestern Russia are fully consistent with the hypothesis that evolving redox conditions exerted a strong influence on the timing of early animal evolution. What about contrasting ecological hypotheses? Few would dispute that ecology played an important role in animal diversification (Butterfield, 2007; Knoll, 1994) replaced by large ornamented microfossils, which gave way to complex animals (e.g.
Kimberella)
. Note that the 635 Ma age relates to the strata underlying the hiatus in the lower Vychegda, whereas the ~580 Ma age relates to that of the overlying ECAP-containing portion of the unit.
All methods and additional data are described in the text and presented in the supplemental materials. The two leftmost chemostratigraphic frames are on a log scale. Vertical lines in the Ordinate axis scale changes from frame to frame. Highlights for Late Ediacaran redox stability and metazoan evolution by Johnston et al.
1) Redox stability, in addition to O 2 , is critical for animal evolution.
2) We explain Ediacaran global asynchroneity in sedimentary proxy and animals records.
3) We revisit the importance of dysoxia for biological evolution.
4) The data reinforce that Ediacaran acritarchs are resting stages of early animals.
*Highlights (for review)

